Abstract. The response of mesospheric constituents to energetic electron deposition events is modeled on a diurnal scale for two precipitation scenarios. In the first example, upper limit electron fluxes representative of diffuse aurora are employed. The other case considers the 10-day precipitation event of May 1992 observed by the Upper Atmosphere Research satellite Particle Environment Monitor (UARS/PEM). Since the UARS Halogen Occultation Experiment (UARS/HALOE) water vapor measurements indicate large variability from day to day as well as at different longitudes on the same day, water is used as a parameter in studying the diurnal response of different species to particle precipitation. Water amount affects the diurnal variation of ozone by changing the concentration of hydrogen radicals, creating a water-dependent temporal response of the depletion of ozone by precipitating ionizing energetic electrons and protons. For constant particle fluxes, ozone depletion at a given altitude varies throughout the day at variance with model results where the Sun is assumed to have an average solar zenith angle throughout the day. At night, ozone depletion remains nearly constant and different from daylight values. Nighttime and twilight OH and HO 2 are significantly enhanced during electron precipitation, Since precipitation often occurs between L = 3 and L -6, where L is the distance in earth radii from the center of the Earth dipole to the equatorial crossing of the field line in question, as far south as 35øN in the North American longitude zone, particle precipitation is one of the factors determining OH and HO2 concentrations within this latitude range, particularly when the magnetic index Ap is enhanced. Because of the large diurnal changes associated with the amount of particle-related ozone depletion, fixed microwave sites measuring ozone and water will be better able to determine the atmospheric effects of particle precipitation than satellite measurements of ozone. Diurnally averaged models are inadequate for predicting the detailed ozone response to charged particle precipitation.
Introduction
Deposition of charged energetic particles into the stratosphere and mesosphere causes changes in chemical composition, including the 1os• of ozone. In the mesosphere, ozone loss has been observed for auroral electrons and proton events resulting from solar flares [Swider and Keneshea, 1973 ]. The existence of additional energetic electron precipitation events up to a few MeV in energy has been pointed out [Rosenberg etal., 1972; Baker etal., 1987] . A new class of event with electron energies in excess of 1 MeV, termed a relativistic electron event, has been found to occur frequently [Callis etal., 1996] . Recent satellite measurements of electron loss from the radiation belts give strong evidence that there should be frequent particle-induced mesospheric and, under special circumstances, stratospheric ozone changes [Baker etal., 1987 In the mesosphere and upper stratosphere, ozone loss is caused by H and OH produced as the result of ion-molecule reactions associated with particle-induced ionization. This odd hydrogen must compete with odd hydrogen produced by the normal dissociation of water vapor by O(ID) and photodissociation. For this reason the amount of particleinduced ozone loss will depend on the water vapor distribution.
Sensitivity of particle ozone loss to water amount is modeled.
Ion chemistry is included in the computation to insure that the correct number of odd hydrogens are calculated per ion pair and that the proportion of H and OH are correctly calculated as has been the case for proton events [Solomon et al., 1983] . Nitrogen chemistry is included as well as positive ionnegative ion recombination [Aikin, 1997] . [Summers and Siskind, 1998 ]. Thus in order to account for water vapor variations the water vapor mixing ration is parameterized in the calculation.
Measurements during 1992 to 1998, using the Halogen Occultation Experiment (UARS/HALOE
A substantial precipitation event spanning several days in May 1992 was observed with the Particle Environment Measurement (PEM) instrument on UARS [Gaines et al., 1995] . Using an ion pair production function typical of such an event, the diurnal response of different atmospheric chemical species to the particles was calculated. Frahm et al. [ 1997] have measured a hard electron spectrum associated with diffuse aurora. The effect of such a particle deposition on the mesosphere is also considered. Such precipitations may not last for a full diurnal cycle. However, the chemical time constants are short enough in the mesosphere to use this as an example of the type of behavior that might be sampled during the day.
Highly Energetic Electron Input Into the Mesosphere
In addition to galactic cosmic radiation, electron precipitation associated with the aurora, and protons originating from solar flares, there are several other types of energetic electron precipitation. Such events precipitate at latitudes below the auroral zone and are more energetic than the aurora. Classification is carried out according to energy spectra and the range of magnetic L values from which the particles are precipitated, where L is the distance in earth radii from the center of the Earth dipole to the equatorial crossing of the field line in question. There are relativistic electron precipitation events (REP) with energies of many hundred keV to a few MeV [Rosenberg et al., 1972] and highly relativistic electron events with energies >1 MeV [Baker et al., 1987] . There is a correlation of particle precipitation strength with magnetic activity [Frahm et al., 1997] . Thus magnetic activity is an important indicator of the likelihood of particle precipitation within a relevant latitude zone as defined by the L value.
A very intense event lasting from May 10 to 27, 1992, was observed with the PEM instrument on the UARS spacecraft [Gaines et al., 1995] . There was an Ap-associated variation in the precipitated electron flux with both a continuous and a variable component, which had a harder energy spectrum and was associated with higher values of Ap. This event precipitated electrons with a hard energy spectrum on a continuous basis from May 11 to 21 within the magnetic latitude range of 55 ø to 60 ø [Pesnell et al., 1999] Table 1 summarizes the dependence of the noon and midnight ozone changes relative to the standard water amount as a function of the water mixing ratio multiplication factor. The effect of changing water amounts is greater during the day than at night. In general, the characteristic ozone temporal behavior at night is nearly constant. There is a rapid decrease at dawn followed by a morning rise, which is sensitive to altitude. The ozone then begins to decline, with a minimum being reached at these altitudes is shown in Figures 3c, 4c , and 5c. At 65 km, illustrated in Figure 3c , nighttime is characterized by nearly constant ozone depletion with water vapor mixing ratio determining the absolute amount nearly independent of time.
In the discussion that follows a shortened description has been adopted to describe the different water amounts with 2xwv 0 standing for 2 times the initial water vapor. Since the amount. of depletion is about 4% for lxwv 0 and 3.5% for 2xwv 0 within the model uncertainty, there is no difference in nighttime ozone depletion by particles for the two cases. There is strong diurnal variation with large changes during the course of the daylight hours. The largest amount of depletion occurs early in the morning and is about 10 to 12% at 65 km for lxwv0 and only 4% for 2xwv0. The smallest depletion is in the afternoon with increased ozone loss in late afternoon.
In Figure 4c the ratio of the ozone mixing ratio under the influence of particles to the ratio in the normal situation is plotted as a function of time at 70 km. The most interesting feature is the large variation in ozone depletion during daylight. For the same input particle fluxes and water amount, photodissociation to odd oxygen-destroying H and OH is reduced. As the morning progresses, this radiation together with Lyman alpha is able to penetrate to 60 km and above, producing odd hydrogen, which destroys odd oxygen. At sunset radiation responsible for water dissociation is removed tint. The remaining odd hydrogen concentrations decay as molecular oxygen photodissociation decreases. Ozone changes that occur at large solar zenith angles when particles are present are 50% depletion for the diffuse aurora case at 75 km. This is comparable to the solar flare proton event observed with the Solar Backscattered Ultraviolet (SBUV) instrument and modeled by Solomon et al. [1983] . Ionization rates were comparable in the two situations.
Changes in Atomic Oxygen
Some of the 02 + formed in the course of the particle event recombines with electrons by dissociative recombination, leading to the formation of atomic oxygen. In Figure 8 , atomic oxygen concentration is given for 65 km on a 24-hour timescale. The high-ionization event is displayed. Figure 8a represents the case with particles, Figure 8b has no particles, and Figure 8c gives the ratio of particle to no particle cases. While it is us .ually correct to assume that OH arises as the result of water dissociation by solar radiation, during particle events there is an added source. This will be the case at high latitudes when Ap is disturbed. The column OH and HO2 will be, in part, the reset of :particles not just enhanced water. The largest enhancements in OH during particle events relative to no particles occur in the morning hours. Figure 10 Before and after dawn during particle events, HO 2 is a factor of 2 more than at nonparticle times.
During the day when there is considerable change in ozone,
there is an anticorrelation between 03 and H202 . In Figure 11 the ozone particle to no particle ratio from 
Conclusions
Periods of relativistic electron precipitation such as the May 1992 event deplete ozone. There is a significant diurnal component that depends on the water vapor mixing ratio at the altitude under investigation. At 65 km in the early morning, 5% of the ozone is depleted, while in early afternoon, only 3% has been destroyed for the same water amount. At twice the water amount the depletion is only 2% in the morning. At 70 km depletion occurs later in the morning and amounts to 13 %. At twice the water, only 3% of the ozone is lost in the morning. Depletion at 75 km is maximum at 1300 LT for the case of unenhanced water, but as the amount of water increases, the time of maximum depletion shifts to morning. Sensitivity to water changes depends very much on the time of day. Since there is still uncertainty in rate coefficients and other factors in the problem as well as ozone detection errors, changes of <5% may not be detectable. At higher ionization rates, depletions >50% can occur at times similar to those for lower fluxes.
High-altitude OH and HO 2 concentrations are enhanced by electron deposition. This increase is correlated with the magnetic index Ap. The largest differences between ambient and particle-induced OH and HO 2 occur in early morning hours. During the day the degree of enhancement depends on overcoming ambient production, which is proportional to the ambient water vapor mixing ratio. Interpretation of highlatitude OH and HO 2 measurements must include a possible particle source. Inclusion of ion chemistry gives an accurate accounting of O, OH, and H202 during particle events.
Mesospheric ozone change resulting I¾om charged particle precipitation is very sensitive to the diurnal cycle of these constituents. The largest changes are during the day, but the exact time is a function of latitude, input particle fluxes, and altitude. Water vapor amounts, which vary from day to day and spatially, also complicate the details of the ozone diurnal cycle in the absence of particles. All of these factors contribute to the difficulty of observing particle effects using satellite-borne instruments. Most ozone observations from satellite platforms have been performed at a fixed solar zenith angle, for example, sunrise or a fixed local time. Use of ground-based or airborne microwave sounders tuned to ozone and water vapor lines and located at a location suitable to observe the diurnal ozone behavior with and without particle precipitation offers a potentially useful alternative, particularly when accompanied by satellite measurements of particle precipitation.
